To form epithelial organs cells must polarize and generate de novo an apical domain and lumen. Epithelial polarization is regulated by polarity complexes that are hypothesized to direct downstream events, such as polarized membrane traffic, although this interconnection is not well understood. We have found that Rab11a regulates apical traffic and lumen formation through the Rab guanine nucleotide exchange factor (GEF), Rabin8, and its target, Rab8a. Rab8a and Rab11a function through the exocyst to target Par3 to the apical surface, and control apical Cdc42 activation through the Cdc42 GEF, Tuba. These components assemble at a transient apical membrane initiation site to form the lumen. This Rab11a-directed network directs Cdc42-dependent apical exocytosis during lumen formation, revealing an interaction between the machineries of vesicular transport and polarization.
A R T I C L E S
Par3 and Sec8 enriched at the tight junction ( Fig. 1e ; arrowheads). We define early apical structures where several tight-junction markers have become distinctly localized from podocalyxin as the PAP 7 , compared with the AMIS that forms earlier, where tight-junction markers and podocalyxin cannot be resolved by confocal microscopy.
In contrast, Sec10 and occludin initially localized along the entire cell-cell contact in early aggregates, which had peripheral podocalyxin ( Supplementary Information, Fig. S2a and data not shown). Podocalyxin delivered to the AMIS partially overlapped with Sec10 and occludin ( Fig. 1f and Supplementary Information, Fig. S2b ; arrows). Although occludin remained along the entire contact, Sec10 condensed toward the AMIS. As the lumen expanded, Sec10 and occludin enriched at the tight junction (Fig. 1g , h and Supplementary Information, Fig. S2c-f ), although some occludin remained along cell-cell contacts (Fig. 1h) .
aPKC follows yet a different pattern, with distinct pools initially localized with peripheral podocalyxin (arrowheads) and the AMIS ( Fig. 1i; arrows) , before enriching at PAP edges and finally the tight junction and lumen ( Fig. 1j, k; arrowheads). These data show the complex movement of trafficking and cortical polarity proteins that converge transiently at the AMIS.
The Rab8 and Rab11 GTPase families direct lumen initiation
We examined AMIS and lumen formation on perturbation of select Rab GTPases involved in apical, basolateral or junctional trafficking (Fig. 2a-f and Supplementary Information, Fig. S3f-l) . In contrast to control cysts with a single lumen, apical podocalyxin and basolateral β-catenin, knockdown of Rab8 (Rab8a/Rab8b) and Rab11 (Rab11a/ Rab25, but not Rab11b) family members significantly decreased single lumenogenesis (Fig. 2f ) so that cysts had multiple lumens and accumulated podocalyxin in vesicles ( Perturbation of Rab10, Rab11b, Rab13 and Rab14 did not markedly perturb lumenogenesis, and were not investigated further (Fig. 2f) .
The Rab11 family regulates transcytosis 8 and lumenogenesis in diverse systems [9] [10] [11] . GFP-Rab11a localized to vesicles underlying the AMIS (marked by Par3; arrow in Fig. 2g ), then remained on subapical vesicles once lumens expanded ( Fig. 2h and Table 1 ). Podocalyxin transcytosed to the AMIS through Rab11a-positive vesicles. When podocalyxin was peripheral ( Fig.  2i ; arrow), GFP-Rab11a localized to juxtanuclear and peripheral vesicles ( Fig. 2i ; white and yellow arrowheads, respectively). On internalization, podocalyxin localized to GFP-Rab11a-positive vesicles ( Fig. 2j ; arrowheads), then both were delivered to the cyst interior ( Fig. 2k; arrowheads) . Here, regions of podocalyxin devoid of GFP-Rab11a began to emerge ( Information, Fig. S1h ). As the lumen expanded, GFP-Rab11a clustered underneath the apical surface (Fig. 2l, m) . Notably, overexpression of GFPRab11a (wild-type or an activated Q70L substitution mutant) increased single lumenogenesis, whereas dominant negative GFP-Rab11a S25N attenuated single lumenogenesis and accumulated podocalyxin intracellularly ( Supplementary Information, Fig. S4a ; data not shown). Thus, Rab11a promotes transcytosis to the AMIS and single lumenogenesis.
Rab8 family GTPases were also required for single lumen formation (Fig. 2b, c, f) , and Rab8a localized to transcytosing podocalyxin vesicles and the AMIS 7 (Table 1 and data not shown). Knockdown of Rab11a resulted in upregulation of Rab8a, and vice versa ( Supplementary  Information, Fig. S3f, g ), suggesting compensation or cooperation between Rab11 and Rab8 families. Therefore, we knocked down Rab8 and Rab11 family members, alone or in combination ( Supplementary  Information, Fig. S4b ). Of tested combinations, co-knockdown of Rab8a and Rab8b, with or without Rab11a knockdown, most markedly reduced single lumenogenesis. This suggests that the Rab8 family may function downstream of Rab11a. Accordingly, Rab8a knockdown blocked the increase in single lumenogenesis induced by GFP-Rab11a Q70L expression ( Supplementary Information, Fig. S4c ). These data are consistent with the hypothesis that the Rab8 family functions, at least in part, downstream of Rab11a during apical transport and lumenogenesis, although the precise interaction between these Rab proteins may be more complex.
Regulation of Rab8 during lumenogenesis
Rab11 binds to the Rab GEF Rabin8 and stimulates its activity towards Rab8 (ref. 12) . We reasoned that Rab11a may control subapical Rabin8-Rab8 targeting. In control cysts, a small pool of Rabin8, and to a lesser extent Rab8a, localized to dispersed puncta, with some clustered subapically ( Fig. 3a; arrows) . Expression of GFP-Rab11a WT , but not GFP-Rab11a S25N , strongly enhanced recruitment of Rabin8 and Rab8a to Rab11a-positive subapical vesicles ( Fig. 3a; arrowheads) . Similarly to endogenous Rab8a (Fig. 3a) , GFP-Rab8a
WT was cytoplasmic and in subapical vesicles, the latter of which was enhanced on activated GFP-Rab8a Q67L expression ( Supplementary Information, Fig. S4f ). Thus, active Rab11a recruits active Rab8a to subapical vesicles, probably through Rabin8.
In western blots of MDCK lysates, Rabin8 was identified in two bands corresponding to its α and β isoforms: both possess the Rab11-binding region 12 ( Fig. 3b and Supplementary Information, Fig. S5a ). On Rabin8α knockdown some podocalyxin accumulated in vesicles ( Fig. 3c; arrowheads) , and there was also a small (but statistically significant) decrease in the proportion of cysts with single lumens (Fig. 3e) . This effect is only modest probably because of compensatory upregulation of Rabin8β observed on Rabin8α knockdown (Fig. 3b) . Dual Rabin8α and Rabin8β knockdown caused cell death, precluding further analysis (data not shown). In cysts with endogenous Rabin8α knockdown, expression of RNAi-resistant GFP-hRabin8α
WT (GFP-tagged human Rabin8α), which localized to the luminal region (arrows), restored single lumenogenesis and podocalyxin localization (Fig. 3d, e) . Conversely, Rabin8α GEF-domain mutants ( Supplementary Information, Fig. S5a -c) further decreased single lumenogenesis and co-accumulated with podocalyxin on vesicles ( Fig. 3d, e; arrowheads) beneath the surface marked by F-actin. Similarly, overexpression of GFP-TBC1D30 WT , a GAP (GTPaseactivating protein) specific to the Rab8 family 13 , but not GAP-deficient GFP-TBC1D30
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, perturbed single lumenogenesis ( Supplementary  Information, Fig. S5d , e). These data suggest that a Rab11a-Rabin8α-Rab8a cascade, inhibited by TBC1D30, is part of a regulatory module that governs apical transport and lumenogenesis.
The exocyst and Par3-aPKC complexes regulate apical polarization Rab8a and Rab11a interact with the Sec15 exocyst subunit 14 , in turn linking to Sec10 and other subunits as part of a chain tethering vesicles to the basolateral 3 and apical membranes 15 . The exocyst also interacts with the Par3-aPKC complex 16, 17 . As these factors converge at the AMIS, we examined their requirement in apical traffic and single lumenogenesis.
In contrast to control cysts with apical podocalyxin and basolateral β-catenin (Fig. 4a ), Sec15A knockdown ( Supplementary Information,  Fig. S3m ) resulted in accumulation of podocalyxin in prominent GFPRab11a-positive vesicles close to the apical surface ( Fig. 4b ; arrows, 4c; arrowheads). This Rab11a compartment seemed expanded relative to control cysts (compare Fig. 2m ). Additionally, cysts were defective in apical polarization, mistargeting apical cargo to regions of cell-cell contact ( Fig. 4b and Supplementary Information, Fig. S3d ). Accordingly, Sec15A knockdown caused almost complete loss of single lumenogenesis (Fig. 4d) . Similarly, Sec10 knockdown decreased single lumenogenesis and caused vesicular accumulation of podocalyxin ( Supplementary  Information, Fig. S2g-i) . Thus, the exocyst regulates podocalyxin transport from Rab11a-positive vesicles to the forming apical surface.
We also examined the role of the exocyst on Par3 transport and AMIS formation. In control cysts, Par3 localized to tight junctions ( Fig. 4e; arrows) . In Sec15A knockdown cysts, Par3 showed varying, though always abnormal, localization. In regions where a PAP formed, Par3 was recruited to the surface (Fig. 4f) . However, in regions of vesicular podocalyxin accumulation, Par3 failed to be recruited to the surface and an AMIS was undetectable ( Fig. 4f ; arrowhead). In cysts with endogenous Sec15A knockdown, expression of RNAi-resistant GFP-Sec15A WT , which localized to subapical vesicles ( Fig. 4g) , rescued single lumenogenesis, surface delivery of podocalyxin and Par3 localization (that is, at tight junctions once lumens had formed).
To test the role of exocyst coupling to Rabs, we used GFP-Sec15A N691A , a mutant that does not bind to Rab11a 15 . This mutant was completely unable to rescue the trafficking and single lumenogenesis defects caused by knockdown of endogenous Sec15A (Fig. 4h) . Thus, coupling of exocyst to Rab8a or Rab11a is required for surface targeting of podocalyxin and Par3 to the AMIS.
Similar to exocyst knockdown, Par3 knockdown also resulted in intracellular podocalyxin accumulation close to the surface marked by β-catenin ( Fig. 4i; arrows) , in vesicles co-labelled for GFP-Rab11a ( Fig. 4j; arrows) , and a strong disruption of single lumenogenesis (Fig. 4l) . Par3 knockdown Rab8b, n = 312; Rab10, n = 336; Rab11a, n = 307; Rab11b, n = 1,528; Rab13, n = 315; Rab14, n = 331; Rab25, n = 310. (g, h) Representative images of a cyst expressing GFP-Rab11a (green) and incubated with Hoescht (blue) and with antibodies against Par3 (red) during lumen initiation. Bottom: higher-magnification images of the indicated regions showing GFP-Rab11a (left), Par3 (middle) and a merge of these two images (right). Arrow (g) and arrowheads (h) indicate localization of Par3. (i-m) Experiments performed as in g and h except cells were incubated with antibodies against podocalyxin (red). In i; arrow indicates podocalyxin, and yellow and white arrowheads indicate localization of GFP-Rab11a to peripheral and juxtanuclear vesicles, respectively. In j, k; arrowhead indicates co-localization of podocalyxin and GFP-Rab11a. In k-m; arrows indicate areas devoid of GFP-Rab11a, and arrowheads indicate clustering of GFP-Rab11a underneath the lumen. Scale bars, 20 μm. also mistargeted some GFP-CNT1 to cell-cell contacts ( Supplementary  Information, Fig. S3e ). Moreover, on Par3 knockdown, Sec8 was not recruited to surface regions adjacent to vesicular podocalyxin (Fig. 4k) , representing a failure to form the AMIS.
Inhibition of aPKC, using its pseudosubstrate inhibitor (aPKC-PS; Fig. 4m , n) similarly perturbed AMIS and single lumenogenesis, causing accumulation of podocalyxin in Rab11a-positive vesicles, close to the surface marked by β-catenin ( Fig. 4n; arrowheads) . Additionally, aPKC inhibition caused lack of podocalyxin internalization from the periphery in some cells ( Fig. 4n; arrows) , probably representing an additional function of aPKC at this locale (see Fig. 1i ). Together, these data demonstrate a crucial role for the exocyst-Par3-aPKC complex in podocalyxin delivery from Rab11a-positive vesicles to form the lumen.
Annexin2-Cdc42 associates with Rab11a-positive vesicles during lumenogenesis Luminal targeting of aPKC in MDCK cysts requires interaction of GTP-Cdc42 with the phosphatidylinositol (4,5)-bisphosphate-binding protein, Annexin2 (Anx2) 6 . Anx2 both transits to the surface through, and regulates the function of, Rab11a recycling vesicles 18, 19 . We thus examined the interaction between Anx2, Cdc42 and the Rab11a-Rab8a module.
In early cysts with peripheral podocalyxin (arrow), and subperipheral Apple-Rab11a, GFP-Anx2 localized to the surface ( Supplementary  Information, Fig. S6a ). When podocalyxin was in condensed Rab11a-positive vesicles beneath the AMIS, some GFP-Anx2 now also localized to these vesicles ( Supplementary Information, Fig. S6b ; arrowheads). Once podocalyxin was at the open lumen ( Supplementary Information, Fig. S6c ; arrow), GFP-Anx2 localized to both apical and basolateral surfaces, but no longer to subapical Rab11a-positive vesicles. Thus, GFP-Anx2 transiently associates with Rab11a-positive vesicles during lumen initiation.
In contrast to controls expressing wild-type Anx2, which had luminal podocalyxin, subapical Apple-Rab11a, and apical and basolateral GFP- We next examined whether Cdc42 associated with Rab11a-positive vesicles. Unlike Anx2, GFP-Cdc42, although possessing a large cytoplasmic pool, co-localized with subapical Apple-Rab11a in cysts with open lumens ( Fig. 5a ; arrowheads). Activated Cdc42 (GFP-Cdc42 Q61L ) localized to cell-cell contacts and the luminal region, marked by podocalyxin ( Fig. 5b; arrowheads) . As GFP-Cdc42
Q61L removed cytoplasmic background labelling, and expression did not perturb single lumenogenesis (Fig. 6i) , we used this allele to further examine Cdc42 localization. In early cysts with peripheral podocalyxin (arrows), GFP-Cdc42 Q61L localized to the surface (Fig. 5c ). When podocalyxin was internalized into Rab11a-positive vesicles and subsequently concentrated at the AMIS, GFP-Cdc42 Q61L now extensively overlapped with these vesicles ( Fig. 5d , e; arrowheads). As the PAP (Fig. 5f ) and open lumen (Fig. 5g) formed, podocalyxin and Rab11a were no longer co-localized, whereas GFPCdc42 Q61L maintained some overlap with both (arrows). Thus, active Cdc42 associates with Rab11a-positive vesicles during lumenogenesis.
Tuba-Cdc42 function in apical transport from Rab8a/Rab11a-positive vesicles We next determined whether Cdc42 is required for transport from Rab11a-positive vesicles. As shown previously 6 , Cdc42 knockdown perturbed lumenogenesis (Fig. 5n) , and resulted in accumulation of podocalyxin in vesicular apical compartments (VACS; arrows) or vesicles (arrowheads) close to the surface marked by β-catenin (Fig. 5i) . Notably, on Cdc42 knockdown, intracellular podocalyxin was localized to Rab8a/Rab11a-positive vesicles, suggesting Cdc42 regulates transport from these vesicles ( Fig. 5l; arrowheads) .
Intersectin 2 and Tuba have been identified as the only Cdc42-specific GEFs essential for MDCK lumenogenesis 20, 21 . As intersectin-2 knockdown did not disrupt transport of podocalyxin in cysts 20 , we examined if Tuba regulates Cdc42-dependent podocalyxin transport. Tuba knockdown phenocopied Cdc42 knockdown, disrupted single lumenogenesis and accumulated podocalyxin in Rab8a/Rab11a-positive vesicles (Fig. 5j , m, n; arrowheads). Knockdown of Tuba or Cdc42 blocked the increase in single lumenogenesis induced by expression of GFP-Rab11a (Cdc42 had a larger effect; Fig. 5n ), suggesting that Rab11a operates upstream of both Tuba and Cdc42. Thus, Tuba-dependent Cdc42 activation is required for podocalyxin apical transport.
Tuba is required for Cdc42 apical targeting 21 . We examined whether Rab8a or Rab11a also influenced Cdc42 activation. Knockdown of Rab8a, but not Rab11a, markedly decreased global GTP-Cdc42 levels (Fig. 6a) . Similarly, overexpression of GFP-Rab8a Q67L , but not GFPRab11a Q70L , activated Cdc42 (Fig. 6b) , suggesting that Rab8a influences global Cdc42 activation.
We examined whether Rab8a and Rab11a regulate apical Cdc42 targeting. A YFP-tagged p21-binding domain (PBD-YFP) probe of activated Cdc42 (ref. 6) labelled the luminal surface, along with podocalyxin ( Fig. 6c; arrowheads) , and to a lesser extent cell-cell contacts, mirroring the localization of activated Cdc42 (Fig. 5b) . Rab8a knockdown abrogated PBD-YFP membrane association, despite retaining luminal podocalyxin labelling ( Fig. 6d; arrowhead) . Strikingly, Rab11a knockdown resulted in a loss of apical (arrowhead), but not basolateral, PBD-YFP (arrows) (Fig. 6e) . Thus, Rab8a is required for global activation and surface targeting of Cdc42, whereas Rab11a controls apical Rab8a, and consequently, active Cdc42 targeting.
We reasoned that as Rab8a and Rab11a influence apical targeting of active Cdc42, overexpression of active Cdc42 may rescue single lumenogenesis on knockdown of Rab8a or Rab11a. Indeed, expression of active Cdc42 (GFP-Cdc42 Q61L ) rescued apical targeting of podocalyxin (Fig. 6g,  h) , and single lumenogenesis, in cysts with Rab8a or Rab11a knockdown (Fig. 6i) . These data support the conclusion that Cdc42, regulated by Rab8a and Rab11a, is required for apical transport of podocalyxin. Therefore, Rab11a regulates a molecular network directing the apical polarity and trafficking machineries to initiate de novo lumen formation.
DISCUSSION
How membrane trafficking and polarity-complex machineries work together to form the apical surface and lumen is a fundamental issue 22 . We describe a molecular chain linking membrane-trafficking machinery with delivery of the Par3-aPKC-Cdc42 complex to the nascent apical surface during lumen formation (Fig. 7a) . This emphasizes the complex spatiotemporal orchestration needed to construct a new membrane (see Table 1 ).
Podocalyxin is initially localized to the extracellular matrix-contacting periphery (Fig. 7a) , before internalization into Rab11a-positive vesicles, to which Rab8a is recruited through the GEF Rabin8 (which is inhibited by the GAP, TBC1D30; Fig. 7b ). Apical vesicle delivery and lumenogenesis is regulated by both Rab proteins. The exocyst, a Rab effector, docks vesicles with the apical surface to create the AMIS, in cooperation with Par3-aPKC (Fig. 7b) . Anx2 and Cdc42 associate with Rab8a/Rab11a-positive vesicles, regulating apical transport and single lumenogenesis, dependent on the Cdc42 GEF, Tuba. Par6 probably bridges Cdc42 to the aPKC-Par3-exocyst complex at the AMIS. Thus, apical polarity and membrane domain identity is initiated de novo by membrane delivery from Rab8a/Rab11a-positive vesicles. Finally, the luminal space is expanded by pumps and channels (Fig. 7b) 7, 23 . Podocalyxin is the earliest marker of apical polarization that we have studied, and its initial appearance at the nascent apical surface marks the AMIS. Notably, the Rab11a-Rabin8α-Rab8a cascade also regulates mammalian ciliogenesis, and the homologous yeast pathway regulates budding 24 , suggesting it is an ancient polarity-generating module. The exocyst is a Rab effector required for transport of podocalyxin from Rab11a endosomes. This transport also requires the Par3-aPKC polarity complex, revealing a mutual interdependence of these complexes for localization to the AMIS. Similarly, in developing neurites, association of the exocyst and Par3-aPKC is required for Par3 localization to growing neurite tips 17 . Interaction of the exocyst with Par3-aPKC may focus exocystdependent vesicle docking events transiently to the AMIS, allowing initiation of apical polarity, before both complexes relocalize to the tight junction for subsequent transport events. That the exocyst was also required for Par3 localization demonstrates that vesicle trafficking operates both upstream and downstream of cortical polarity proteins, suggesting a feedback loop.
Rab11a-positive vesicles also deliver the Crumbs3-Pals1-PatJ complex to early lumens 25 . In Drosophila, Crumbs functions to dissociate Par3 from Par6 and aPKC at the apical surface, restricting Par3 to apicolateral borders 26, 27 . Similarly, Crumbs3 delivered to the AMIS may exclude a pool of Par3 from the nascent apical surface, allowing it to concentrate to the sides of the developing lumens, such as in the transition from the AMIS to the PAP reported here.
Par6 and aPKC form a complex with Cdc42 (ref. 28 ). Cdc42, in conjunction with Anx2 (ref. 6), regulates vesicular transport to the apical surface from Rab8a/Rab11a-positive vesicles. However, Cdc42 also regulates the orientation of cell division in conjunction with Par6-aPKC 20, 21, 29 . Indeed, the Cdc42 GEFs, intersectin 2 and Tuba, regulate Cdc42 activation and orientation of division during MDCK lumenogenesis 20, 21 . Intersectin-2 knockdown results in multiple lumens without vesicular podocalyxin accumulation 20 , suggesting it functions in cell division but not vesicle transport. In contrast, Tuba regulates apical targeting of Cdc42 (ref. 21 ) and, as demonstrated here, podocalyxin transport from Rab8a/Rab11a-positive vesicles.
Active Cdc42 localized to Rab11a-positive vesicles. In yeast, Cdc42 is also delivered to the bud site 30 , suggesting that vesicular transport of Cdc42 to membrane being generated de novo is a conserved polarity-generating event. Notably, Rab8a and Rab11a were required for Cdc42 activation at the lumen. Rab8a regulated global Cdc42 activation; Rab11a regulated apical Cdc42 targeting. That global Cdc42 activation was markedly decreased on Rab8a, but not Rab11a, knockdown suggests that, whereas Tuba functions downstream of Rab11a and regulates a pool of Cdc42 activation in Rab11a-positive vesicles, Rab8a may influence additional GEF proteins, such as intersectin 2. How Rab8a and Rab11a influence Cdc42 GEFs remains to be elucidated. Similarly, we demonstrate a role for aPKC in apical transport from Rab11a-positive vesicles, suggesting that the Cdc42-Par6-aPKC complex may function in membrane transport, in addition to cell division 31, 32 . These data reveal a novel role for Anx2-Cdc42-aPKC-Par3 in conjunction with the exocyst and Tuba in apical transport to the AMIS.
Our knockdown and overexpression experiments resulted in multiple lumens and accumulation of apical proteins in subapical vesicles. Perturbation of apical traffic could cause multiple lumen formation through several overlapping mechanisms. Reduced apical delivery may prevent initially small lumens from enlarging and consolidating into one central lumen, which occurs in several mammalian organs 33 . Multiple small lumens also require ion pumping to hydrostatically enlarge and coalesce lumens. Apical trafficking defects could cause defective junctions and/or mislocalization of pumps and channels, preventing enlargement 23 . Orientation of mitosis also regulates lumen formation. In Caco-2 cysts, Cdc42 knockdown correlates with disrupted spindle orientation, without notable apical transport defects 29 . Caco-2 lumen formation requires artificially increasing cyclic AMP, which strongly promotes apical exocytosis 34 , potentially masking detection of apical transport defects. As Rab8a, Rab11a, exocyst and Par3-aPKC also have roles in spindle orientation and/or cytokinesis [35] [36] [37] , the extent to which their function in cell division is separate from apical trafficking is unknown. Apical membrane traffic might be needed to localize proteins that orient mitosis, such as Cdc42, aPKC and LGN (leucine-glycine-asparagine repeat-containing protein) 20, 21, 38, 39 . Notably, multiple lumens can occur without disruption to apical transport 20, 39 , suggesting that the two processes can be uncoupled. For example, in MDCK and other systems, lumens can form in the absence of cell division or apoptosis 7, [40] [41] [42] [43] , instead requiring vesicular transport of podocalyxin to the cyst interior. Thus, coordination of division orientation and apical transport mechanisms are probably central in the generation of a single lumen.
Recently, the Par proteins, as well as aPKC and Cdc42, have been demonstrated as regulators of polarity through endocytosis 32 . We demonstrate that the membrane traffic, especially exocytosis, is both upstream and downstream of the Par complex. Our data support an emerging view of the Par complex as a multifunctional platform modulating membrane traffic 31, 32 , and suggest Cdc42 -aPKC-Par3 as a convergence between the machineries of cortical polarization and vesicular transport. . In most instances, exogenous proteins were from stably expressing cell lines. For Anx2 XM experiments, cells in 2D were transiently transfected with Anx2 XM (Lipofectamine 2000) 24 h before plating into 3D.
METHODS

Methods
RNAi. Stable RNAi was achieved by viral shRNA. For Sec10 knockdown, cells were transfected with siRNA oligonucleotides, as previously described 6 . In all instances, knockdown was verified by western blot or quantitative real-time PCR (Q-PCR) procedures, normalized to GAPDH expression (Brilliant-II SYBR Green Kit, Agilent). Q-PCR primers are presented in Supplementary Information, Table S1 . RNAi target sequences are presented in Supplementary Information, Table S2 . Rab8a_1, Rab10, Rab11a_1 and Rab11b, in pRVH1-puro or -hygro retroviruses, were previously published 44 . All other shRNAs were generated in pLKO.1-puro 45 , or pLKO.1-blast, which was constructed by exchanging the puromycin resistance gene for blasticidin. Cdc42, Par3 and Tuba shRNAs were adapted for pLKO.1 from published sequences 21, 46 . pLKO.1 lentiviruses were constructed according to the Addgene pLKO.1 protocol (www.addgene.org) using iRNAi (www.mekentosj. com), and target sequences were based on an (AA)N19 algorithm. RNAi sequences were submitted to BLAST (NCBI) to verify target specificity. For isoform-specific RNAi to Rabin8, shRNAs predicted to target the α isoform (Rabin8_4 or Rabin8_5) or to both α and β (Rabin8_2) isoforms of canine Rabin8 were extrapolated from sequence alignment with human Rabin8 splice forms (mined from NCBI). For knockdown and rescue experiments, GFP-tagged plasmids of transcripts from human or rat, which are not targeted by anti-canine shRNAs, were used.
Virus production and transduction. Retrovirus production was performed essentially as previously described 44 , except pRVH1 plasmids were transfected into 293-GPG cells (O. Weiner, UCSF) 47 . Post transfection (48 h), viral supernatants were collected daily for 7 days. For lentivirus production, pLKO.1 plasmids were co-transfected with ViraPower packaging mix into 293-FT cells according to manufacturer's instructions (Invitrogen). All supernatants were centrifuged to remove cell debris and frozen in liquid nitrogen for further use.
For retrovirus transduction (pRVH1), subconfluent cultures of MDCK cells, 16 h after plating, were incubated with virus-containing supernatants supplemented with 10 μg ml -1 Polybrene (Millipore) for 24 h at 32 °C. On changing to fresh medium, cells were incubated for a further 24 h at 37 °C, before passage into appropriate antibiotic-containing medium. For lentivirus transduction (pLKO.1), subconfluent MDCK cultures, 1-4 h after plating, were infected with virus-containing supernatants for 12-16 h at 37 °C. Viral supernatants were then diluted 1:1 with growth medium, cultured for a further 48 h, then passaged into appropriate antibiotic-containing medium. Hygromycin (0.5 mg ml Plasmids and cell lines. Plasmids, the genes cloned into them and their source, and cell lines expressing the indicated genes and their source, were as follows: GFPCdc42 (used also for expression of the Q61L mutant; Addgene); GFP-Rab11a (used for expression of wild type and the S22N mutant; E. Brown, UCSF, USA); GFPRab8a (used for expression of wild type and the Q67L mutant) and GFP-Sec15A (J. Stow, University of Queensland, Australia); GFP-VSVG-podocalyxin and pRVH1-puro/hygro (used for expression of Rab8a, Rab10, Rab11a and Rab11b; K. Simons, EMBL, Germany); GFP-TBC1D30 (used for expression of wild type TBC1D30 and the R140A mutant; F. Barr, University of Liverpool, UK); GFP-Cdc42, YFP-PBD, GFP-Annexin2 (used for expression of wild type and XM) 6 and GFP-Rab13 (used for expression of the T22N mutant; A. Zharaoui, CEA CNRS, France); GFP-Rab14 (used for the expression of the S25N mutant; J. Wilson, University of Arizona, USA); GFP-Rabin8α 48 and Syntaxin3-2×myc (T. Weimbs, UCSD, USA) 49 and GFP-CNT1 50 . All additional plasmids were constructed through site-directed mutagenesis (Quikchange) or standard subcloning. For generation of stable lines, transfected cells underwent fluorescence activated cell sorting (FACS) after selection to obtain appropriate expression levels. ), were utilized. Cysts were stained as previously described 6 .
Statistics. Single lumen formation was quantified as previously described 6 . The percentage of cysts with a single lumen was determined, and normalized to control cysts. Values are mean ± s.d. from three replicate experiments, with n ≥100 cysts per replicate. Significance was calculated using a paired, two-tailed Student's t-test.
Transcytosis and IgA uptake. For podocalyxin transcytosis, cells stably expressing GFP-VSVG-podocalyxin were plated into 8-well chamber slides and grown for 12 h at 37 °C. Slides were placed on ice and washed twice with serum-free medium at 4 °C before incubation at 4 °C for 30 min with serum-free medium containing the indicated antibodies. Cysts were then washed twice with cold serum-free medium, before being grown for 24 h at 37 °C in fresh serum-containing medium supplemented with 2% Matrigel.
Polymeric immunoglobulin A (pIgA), provided by J. P. Vaerman (Catholic University of Louvain, Belgium), was biotinylated using sulfo-NHS-LC-biotin (Pierce). For IgA uptake, MDCK PTR-9 cells stably expressing human TfR and rabbit polymeric immunoglobulin receptor (pIgR) 52 were grown for 36 h in 3D to induce cyst formation, then incubated with 100 μg ml -1 biotinylated IgA in complete medium for 40 min. Biotinylated IgA was detected using fluorescently labelled streptavidin (Invitrogen).
GTPase activation. GTP loading of Cdc42 was by GST-PAK pull down (Cytoskeleton, Denver), according to manufacturer's instructions, with modifications. Cells were lysed in Mg Lysis Buffer (Millipore) containing 1 mM PMSF (phenylmethanesulfonylfluoride) and protease inhibitor cocktail, and lysates were passed through a 27.5 gauge needle (BD), and cleared of debris by centrifugation. A sample of lysate was taken for protein concentration determination (BCA), and lysates were snap-frozen. Protein (3 μg) from the appropriate condition was incubated with 20 μg of GST-PAK bead for 30 min at 4 °C. Beads were collected by centrifugation and washed three times in buffer before SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Total Cdc42 and GTP-Cdc42 levels were detected by western blotting using an anti-Cdc42 antibody (BD Biosciences).
Rabin8 mutagenesis. GEF mutants of Rabin8 were modelled on critical, conserved residues in the Rab GEF domain governing Sec2p-Sec4p interactions 53 . L196A and F201A mutants were generated from pEGFP-C1-Rabin8α and pGEX-2T-Rabin8α 48 (Quikchange). Decreased, direct association of Rab8a with Rabin8 mutants was verified by GST pulldown. Briefly, GST-Rabin8, GST-Rabin8 L196A , GST-Rabin8 F201A (15 °C overnight; 200 μM IPTG) or GST protein expression (37 °C for 3 h) was induced in bacteria. Lysates containing GST fusion proteins were incubated with glutathione-agarose beads (Sigma) at 4 °C for 2 h, then washed three times during 30 min with binding-buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 2 mM MgCl 2 and 1% Triton X-100). Rab8A T22N and Rab8A Q67L were translated in vitro using a TNT Quick kit (Promega) according to manufacturer's instructions. The in vitro translation products were incubated with GST proteins coupled to glutathione-agarose beads in binding buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 2 mM MgCl 2 and 1% Triton X-100) on a rotating wheel at 4 °C for 1 h. The beads were washed four times with binding buffer over 30 min. Bound material was eluted from the beads with Laemmli sample buffer and loaded onto a 12% nature cell biology DOI: 10.1038/ncb2106
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SDS-PAGE gel. As a control, 1/10 of the in vitro translation reactions were used. Bands were visualized by autoradiography of the dried gels. Densitometry revealed that the L196A and F201A mutants decreased association with Rab8a by 39% and 52%, respectively, confirming their reduction-of-function characteristics. Rabin8 isoforms, and conserved, critical guanine nucleotide exchange activity residues. Amino acid positions refer to human Rabin8α. RBR, Rab11-binding region; Cf, canis familiaris; hs, homo sapiens; rn, rattus norvegicus; sc, saccharomyces cerevisiae. Boxed residues indicate crucial residues for GEF activity. (b-c) Characterization of Rab8a binding to Rabin8α. In vitro binding of Rab8a-T22N to recombinant GST-Rabin8α WT, GST-Rabin8α-L196A, GSTRabin8α-F201A and GST, and Rab8a-Q67L to GST-Rabin8α WT and GSTRabin8α-L196A (b), as described in Methods. Lanes at right indicate 1/10 of input of in vitro translated Rab8a-T22N and Rab8a-Q67L. Corresponding GST-proteins from beads used for the binding assays were run on SDS-PAGE and stained with Coomassie blue. Densitometry revealed that the L196A and F201A mutants decreased association with Rab8a-T22N by 39% and 52%, respectively, confirming their reduction-of-function characteristics (c). Note negligible association of any Rabin8α allele with Rab8a-Q67L. (d-e) TBC1D30 GAP activity inhibits single lumen formation. MDCK cysts stably expressing WT or GAP-deficient (R140A) GFP-TBC1D30 (green) grown for 48 h were costained for podocalyxin (red) and nuclei (blue). Quantitation (e) revealed that GFP-TBC1D30 strongly suppressed single lumenogenesis, and that this required its GAP activity (i.e. R140A mutant did not perturb single lumenogenesis). 
